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ABSTRACT
Exoplanets have been observed around stars at all stages of stellar evolution, in many cases orbiting
in configurations that will eventually lead to the planets being engulfed or consumed by their host stars,
such as Hot Jupiters or ultra-short period planets. Furthermore, objects such as polluted white dwarfs
provide strong evidence that the consumption of planets by stars is a common phenomenon. This
consumption causes several significant changes in the stellar properties, such as changes to the stellar
spin, luminosity, chemical composition, or mass loss processes. Here, we explore this wide variety
of effects for a comprehensive range of stellar and planetary masses and stages of stellar evolution,
from the main sequence over red giants to the white dwarfs. We determine that planet consumption
can cause transient luminosity features that last on the order of centuries to millennia, and that the
post-consumption stellar spins can often reach break-up speeds. Furthermore, stellar moss loss can
be caused by this spin-up, as well as through surface grazing interactions, leading to to the formation
of unusual planetary nebula shapes or collimated stellar gas ejections. Our results highlight several
observable stellar features by which the presence or previous existence of a planet around a given star
can be deduced. This will provide future observational campaigns with the tools to better constrain
exoplanet demographics, as well as planetary formation and evolution histories.
Keywords: stars: evolution, stellar rotation
1. INTRODUCTION
Exoplanets have been observed around a variety of
host stars, at all stages of stellar evolution, includ-
ing main-sequence, subgiant and red giant branch stars
(e.g., Howard et al. 2012; Charpinet et al. 2011; Barnes
et al. 2013; Johnson et al. 2011; Gettel et al. 2012; Nowak
et al. 2013; Reffert et al. 2015; Niedzielski et al. 2015,
2016). Additionally, white dwarf pollution signatures
may indicate the presence of planetary systems in a large
fraction of white dwarf systems (about 25 to 50 %, e.g.,
Jura et al. 2009; Zuckerman et al. 2010; Klein et al. 2010,
2011; Melis et al. 2011). Planets that stray too close to
their host star may get disrupted and finally consumed
by the star (e.g., WASP-12b Patra et al. 2017), leading
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for example to the observed white dwarf pollution (e.g.,
Vanderburg et al. 2015).
Dynamical processes play an important role in plan-
etary system formation and evolution, and in particu-
lar planet consumption. Interactions between planets
may result in orbital instability, possibly plunging plan-
ets into the star (e.g., Rasio & Ford 1996; Nagasawa
et al. 2008; Chatterjee et al. 2008; Naoz et al. 2011;
Teyssandier et al. 2013; Denham et al. 2019) Further-
more, the fraction of stellar binaries in the field is high
(∼ 40 − 70% for ∼> 1 M stars, e.g., Raghavan et al.
2010). The stellar companions may also cause planets
to plunge into their host stars (e.g., Lithwick & Naoz
2011; Naoz et al. 2013a, 2012; Veras & Tout 2012; Veras
et al. 2013; Naoz 2016; Veras 2016; Veras et al. 2017b,a;
Stephan et al. 2017, 2018; Martinez et al. 2019; Veras &
Wolszczan 2019).
The interplay between dynamical effects and post-
main-sequence evolution can be very rich. An evolv-
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ing and expanding star may not only engulf planets on
initially close-in orbits, but also far-away planets that
have had their eccentricities excited due to perturba-
tions from a third companion. Furthermore, an expand-
ing star will experience stronger tidal forces (which scale
with its radius) and may shrink a far-away planet’s or-
bit enough to consume it. In either case, the vicinity
to the star will heat the planets significantly prior to
contact, turning them into “Temporary Hot Jupiters”
(Stephan et al. 2018). However, the mass loss an evolv-
ing star undergoes can also expand the orbits, prevent-
ing consumption (Valsecchi et al. 2014). This orbital
expansion can change the dynamical stability of a sys-
tem, especially in the presence of companions, which can
lead to star-planet collisions at later times (e.g., Petro-
vich & Mun˜oz 2017; Hamers & Portegies Zwart 2016;
Stephan et al. 2017). The interplay of stellar evolution
with dynamical processes can therefore explain a variety
of interesting observations (e.g., Xu et al. 2017; Wang
et al. 2019; Huber et al. 2019).
Here we explore the physical processes that a star un-
dergoes as it consumes a planet, for a range of stellar
masses and evolutionary phases. The consumption of
a planet by a star was considered in the literature as
a way to explain a variety of astrophysical phenomena.
For example, a planet grazing a stellar surface has been
suggested as the cause for the peculiar gas ejections ob-
served from the red giant star V Hydrae (Sahai et al.
2016; Salas et al. 2019). Furthermore, as a planet enters
a star’s atmosphere, its interaction with the stellar gas
has been suggested to result in transit phenomena such
as strong stellar wind, as well as strong optical, UV,
and X-ray radiation (Metzger et al. 2012). Moreover,
planet engulfment has also been considered as a cause
for non-spherical, dipole-shaped planetary nebulae, sim-
ilar to the effect in some binary star system (e.g., Morris
1981; Mastrodemos & Morris 1998; Soker 1998; Soker &
Harpaz 2000; Livio & Soker 2002; Morris et al. 2006;
Kim et al. 2017).
When a star consumes a planet, it may have significant
effects on the physical properties of the star. For exam-
ple, it has been shown that the consumption of a Hot
Jupiter by a young star can explain some observed pat-
terns of spin-orbit misalignmemts in planetary systems
(Matsakos & Ko¨nigl 2015). Recently, a proof-of-concept
calculation for main-sequence G and K-type stars by
Qureshi et al. (2018) showed that a consumption of a
planet can significantly spin up a star (lowering the spin
period). Furthermore, they showed that this spin pe-
riod change is consistent with the observed bifurcation
of spin periods in young open clusters.
In this work we integrate all the forementioned as-
pects of planet consumption by stars for a comprehen-
sive range of stellar masses and evolutionary phases. We
calculate a range of observational signatures that can be
used to infer active planetary consumption events (Sec-
tion 2). In particular, we determine the phase space
of planetary and stellar mass and radius that allow the
ejection of stellar gas due to grazing interactions (Sec-
tion 2.1), we calculate the duration and intensity of high-
energy UV radiation emitted over the planet’s migration
through the stellar atmosphere (Section 2.2), and we es-
timate the new spin periods of post-consumption stars
due to angular momentum conservation (Section 2.3).
2. OBSERVABLE SIGNATURES OF PLANET
CONSUMPTION
The consumption of planets by stars involves a mul-
titude of processes and effects as a consequence of an-
gular momentum and energy conservation. As a planet
begins to graze and contact the stellar surface, gravita-
tional and tidal interactions can disturb or even eject
stellar surface material (e.g., Dosopoulou et al. 2017;
Salas et al. 2019). When the planet eventually migrates
deeper into the stellar envelope, drag interactions will
heat the stellar gas, producing additional luminosity
(e.g., Metzger et al. 2012), and transfer angular mo-
mentum from the planet’s orbit onto the star, changing
the stellar spin rate and orientation (e.g., Qureshi et al.
2018). Eventually, the planet will be disrupted and its
material will be added to the star, changing its chemical
composition. In this section we investigate all of these
consumption signatures and determine their strengths
and relevance for different stellar types and evolution-
ary phases.
2.1. Surface Grazing Interactions
As a planet grazes the surface of a star, it can be ex-
pected that stellar surface material will be gravitation-
ally disturbed by the planet, assuming that the planet
did not get tidally disrupted beforehand. A planet with
radius Rp can approach its host star as close as
RRoche∼kRp
(
M∗
Mp
)1/3
(1)
∼kR
(
Rp
RJup
)(
M∗
M
)1/3(
Mp
MJup
)−1/3
without being disrupted, where M∗ and Mp are the
star’s and planet’s masses, respectively, and k is a nu-
merical factor on the order of 1.6 to 2.4. In general,
for any star of solar or heavier mass that has at least
slightly evolved towards the later stages or past the main
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sequence, and which has not yet become a white dwarf
or other compact object, this tidal disruption distance
is smaller than or on the same order as the radius of the
star itself, allowing a planet to reach the stellar surface
and to undergo grazing interactions. The star V Hya is
very likely an example of this type of interaction.
Over recent decades the carbon star V Hya has been
observed to periodically eject “bullets” of gaseous mate-
rial (Sahai et al. 2016). These ejections can be explained
by the close periastron passage of a sub-stellar compan-
ion that grazes the stellar surface, scooping up surface
material and ejecting some of it as “bullets” (Salas et al.
2019). A variety of mechanisms have been suggested
as the cause of the ejections, however here we consider
a simple ballistic model (e.g., Dosopoulou et al. 2017),
where the velocity of the bullets vb is approximately
equal to the sum of the planet’s periastron passage ve-
locity and the planet’s escape velocity
vb ∼
√
G (M∗ +Mp)
1 + ep
ap (1− ep) +
√
2GMp
Rp
, (2)
where ap and ep are the orbital semi-major axis and
eccentricity, respectively.
However, in order for a bullet to actually leave the
star, the bullet velocity must be larger than the stellar
escape velocity vesc,∗ from the periastron, such that
vb ≥ vesc,∗ , (3)
where vb is defined in Equation (2) and the escape ve-
locity is simply
vesc,∗ =
√
2GM∗
ap (1− ep) . (4)
Equation (3) can yield a specific relation on the mass to
radius ratio of planets and stars. Specifically, assuming
that the star is much more massive than the planet and
that the periastron distance must be approximately the
same as the radius of the star, R∗, Equation (3) leads
to the condition
Mp
Rp
≥ M∗
R∗
(
3
2
+
ep
2
−
√
2 (1 + ep)
)
, (5)
which needs to be fulfilled for ballistic ejections to effi-
ciently leave the stellar system. Note that for extremely
eccentric orbits (ep ∼ 1), the right site of Equation 5
approaches zero, greatly enhancing ejection likelihood.
Figure 1 shows how different types of planets are able
to cause V Hya-like ejections, depending on their masses
and the stellar evolutionary phases. If a planet does not
fulfill Equation 5, its interaction with the stellar surface
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Figure 1. Ejection conditions for a range of plane-
tary masses, stellar types, and orbital eccentricities.
The figure plots the ejection conditions outlined in Equation
5, for four different orbital eccentricities ep: 0 (solid black
line), 0.5 (dashed black line), 0.75 (dot-dashed black line),
and 0.95 (dotted black line). Planets whose mass divided
by their radius lies above these lines are able to cause V
Hya-like ejections for a given star with the corresponding
value of its mass divided by its radius. The shaded regions
show approximate value ranges of mass divided by radius
for different stellar evolutionary phases, for a range of stel-
lar masses. The red region marks values for main-sequence
stars, yellow for Hertzsprung gap, giant branch, and helium-
burning stars, cyan for 1st Asymptotic Giant Branch (AGB)
stars, and blue for 2nd AGB stars. Note that ejections be-
come easier the more evolved a star is, as its ratio of mass
to radius decreases. Values for different example planets are
shown as vertical lines: Earth in green, Neptune in blue,
Jupiter in red, and a massive Jupiter or small Brown Dwarf
in magenta. While a Brown dwarf can cause ejections for
any type of star or orbital eccentricity, an Earth-sized planet
can only cause them for extremely enlarged AGB stars or at
extremely high eccentricities.
can only eject stellar material onto bound orbits around
the star. This could produce a gas and dust disk or cloud
around the star whose mass and extend would depend
on the planet’s mass.
2.2. Luminosity and Energy Signatures
After a planet has grazed a stellar surface, it will even-
tually orbit fully inside the stellar envelope, shedding
orbital energy and angular momentum as it spirals fur-
ther into the star. The planet will interact with the stel-
lar gas through the drag force fd = Cdρ∗vk2/2, where
Cd is a dimensionless drag coefficient of order unity, ρ∗
is the stellar density, and vk is the relative velocity of
the planet within the stellar atmosphere (Metzger et al.
2012). This drag force acts on the planet’s effective
cross-section Ap, which depends on the size of the stellar
scale height H = kBT/(µmHg) (here, kB is the Boltz-
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mann constant, T is the gas temperature, µ is the mean
molecular mass of the gas, mH is the mass of a hydro-
gen atom, and g is the local gravity), as a difference in
distance H inwards into the star will increase the den-
sity, and thus drag force, by a factor of e. If H is much
smaller than the planet’s radius Rp, most of the drag
will be caused by the part of the planet most inward
into the star, and Ap will be of order Rp
1/2H3/2. The
drag torque at a given radius r from the stellar center,
fdAp × r, will thus contribute to the inward migration
of the planet with inward radial speed
vr ∼ CdAp ρ∗(r)
Mp
rvk(r) . (6)
The inward radial speed due to drag contributes to the
rate of orbital energy dissipation via
E˙orb =
GM∗Mpvr
2r2
, (7)
(Metzger et al. 2012). This energy is added to the stellar
gas, heating it up. In general, the travel speed vk of the
planet upon entering the star will be much larger than
the stellar atmosphere’s sound speed cs =
√
γP∗/ρ∗;
here, γ is the adiabatic index, with a value of 5/3 for
ideal gases, and P∗ is the gas pressure in the star. The
planet will therefore produce a strong shock front as
it travels through the stellar atmosphere by which it’s
orbital energy is dissipated1. Assuming the standard
Rankine-Hugoniot jump conditions and a strong shock,
we can estimate the temperature of the gas behind the
shock front as
Tshock = A
µmH
kB
v2k , (8)
where A is a numerical factor of order unity depending
on the nature of the gas (∼ 3/16 for an ideal gas). Note
that for fully ionized gas in a star µ = 0.62; however, the
gas in a red giant is generally not fully ionized pre-shock
and has a larger value for µ, which has to be taken into
account.
The temperature of the shock can be extremely high,
potentially reaching several 10, 000 K, producing a lot
of X-ray and far-UV radiation, as the peak emission
strength will occur at λmax = bW /T , where bW ∼
0.28978 cm K is Wien’s displacement constant. The
radiation intensity as a function of wavelength for black-
bodies with the stellar and shock front temperatures are
also shown in Figure 2, following Planck’s law. However,
1 Note that there is also a contribution to the inward migration
speed and energy dissipation due to tidal forces. This energy is
added to the bulk of the star, not the shock front.
the radiation will not necessarily be able to escape the
stellar envelope, depending on the optical thickness or
ionization state of the gas. Furthermore, the luminosity
added to the star can be so large that the immediate
region of the shock exceeds its local Eddington limit,
which will lead to a wind that will drive an outflow
of material from the stellar envelope. This material,
in turn, can efficiently block the high energy radiation
emitted by the shock (Metzger et al. 2012), and can also
emit additional infrared radiation as it re-radiates inter-
cepted stellar radiation. For different stellar types and
phases, the reached temperatures and luminosity emit-
ted by the shock vary, as indicated in Figure 2.
2.3. Angular Momentum Transfer and Stellar Spin-up
A planet will transfer angular momentum to its star
either through tidal forces, mostly important when the
planet is still outside or in the outer regions of the star,
or through drag forces, especially important when the
planet has reached denser interior layers of the star. The
tidal friction timescale of the star can be described by
(e.g., Hut 1981; Kiseleva et al. 1998; Eggleton et al. 1998;
Naoz 2016):
tTF =
tv
9
(
ap
R∗
)8
M∗2
(M∗ +Mp)Mp
1
(1 + kl)
2 , (9)
with tv and kl being the stellar viscous timescale and
Love number, respectively, ap being the semi-major
axis, R∗ being the stellar radius, and M∗ and Mp be-
ing the stellar and planetary masses, respectively. The
timescale associated with the gas drag forces outlined in
Section 2.2 can be described by
tdrag ∼ R∗
vr
∼ Cd−1 Mp
ρ∗Apvk
R∗
ap
, (10)
(Metzger et al. 2012).
We can apply the timescales for drag and tidal mi-
gration, using realistic models of stellar structure for
internal density profiles, to estimate the time needed
for a planet to fully merge with a star of given mass
and evolutionary stage. Here we assume that the stel-
lar envelope is an n = 3 polytrope, with an additional
compact core in the case of the red giant. While a main-
sequence star might only require a few tens of years to
fully merge with a planet, a red giant star might need
hundreds of years to do the same, as shown in Figure 3.
In general, drag forces overcome tidal friction eventu-
ally after a planet enters a star, both for main-sequence
and red giant stars, as can be seen in Figure 3. In-
deed, the inward migration speed can become even
faster than the orbital speed of the planet, leading to
a “plunge”, with subsequent disruption of the planet
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Figure 2. Black-body Emission of a 2 M Star
vs. (un-obscured) Shock Front Black-body Emission
during the Main-Sequence and AGB Phases. The
figure shows the black-body emission spectrum approximat-
ing the emission of a 2 M star (solid lines), compared to
the black-body emission spectrum approximating the possi-
ble emission of the hot shock front as a Jupiter-sized planet is
consumed by the star (dashed lines). Shown are the spectra
during the main sequence (blue lines) and the AGB phases
(red lines). Note that, since the shock is extremely hot, it
emits much stronger in the UV and X-ray than the star it-
self. However, one would probably not actually see most
of this emission; during the main sequence the power dissi-
pated in the shock can actually surpass the total luminosity
of the star, which should drive a wind that eventually ob-
scures the UV emission, turning it into lower temperature
thermal emission (Metzger et al. 2012). The energy of the
shock would also spread and heat surrounding gases as they
mix, reducing the emission temperature. During the AGB
phase, as the planet migrates further inward into the stellar
envelope, the shock’s emission is unlikely to penetrate all the
way to the surface of the red giant to be observable. As such,
these UV signals would most likely be indicators of extremely
recent and ongoing consumption events. For example, for a
main-sequence star the energy dissipated in the shock should
begin to drive a wind and be obscured about 20 years into
the merger.
and mixing into the stellar core. Overall, however, an
engulfed planet spends the vast majority of its time in
the outer layers of the star, where tides dominate over
drag. This makes the total lifetime of the planet be-
fore the “plunge” highly dependent on the assumed tidal
parameters. Once the planet reaches the “plunge” dis-
tance, it quickly falls into the core. For a main-sequence
star the plunge distance is about a tenth of the stellar
radius (from the surface), for a red giant star the plunge
distance is at about half the stellar radius, as can be
seen in Figure 3.
Regardless of the mechanism that contributes most to
angular momentum transfer and the planet’s migration
in the stellar envelope, the angular momentum of the
planet’s orbit will change the spin of the star. Here, we
calculate the new spin rates after such spin-up events
and estimate under which conditions the spin-up would
actually lead to stellar break-up or envelope loss.
The orbital angular momentum of a planet orbiting a
star with semi-major axis ap and eccentricity e is:
Jorb =
M∗Mp
M∗ +Mp
√
G(M∗ +Mp)ap(1− e2) . (11)
Assuming that the planet is much less massive than the
star, which is reasonable given the mass ratio of Jupiter
to the Sun, and that the planet orbit’s closest approach
distance ap(1 − e) must be the same as the size of the
star’s Roche limit R∗,Roche, this equation can be simpli-
fied to:
Jorb ∼ m
√
GMpR∗,Roche(1 + e) , (12)
where we note that e can only vary between values of
0 and 1, thus changing the magnitude of the angular
momentum at most by a factor of
√
2. The rotational
angular momentum of a spinning star is:
J∗ = I∗Ω∗ , (13)
where I∗ is the stellar moment of inertia and Ω∗ its ro-
tation frequency. Here we ignore potential differential
rotation profiles. For simplicity we assume that a main-
sequence star or a red giant’s envelope have a polytropic
index of about 3 and basically reaches all the way from
the stellar surface to the stellar core, giving the numer-
ical factor 0.08 for the angular moment of inertia calcu-
lations. From this we determine that the stellar angular
momentum is about:
J∗,env = I∗,envΩ∗,env ∼ 0.08M∗,envR2∗Ω∗,env , (14)
with I∗,env, Ω∗,env, M∗,env being the stellar envelope’s
moment of inertia, rotation rate, and mass, respectively.
When the star’s expanding envelope’s Roche limit
grows past the planet’s orbit, the planet will impart its
angular momentum onto the star as it eventually spirals
inwards. The angular momenta must add up such that
the envelope’s new angular momentum is:
J∗,env,new = J∗,env + Jorb (15)
= 0.08M∗,envR∗2Ω∗,env,new
= Ω∗,env +Mp
√
GM∗R∗,Roche(1 + e)hˆ ,
assuming here that the stellar radius does not change
due to consumption, no differential rotation, and that
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Figure 3. Merging of a Jupiter with a 2 (8) M Star. This figure shows the inward radial position over time of a
Jupiter-sized planet entering either a main-sequence (MS) star (left panel) or an asymptotic giant branch (AGB) star (right
panel). Shown are both the migration due to tides alone (dashed green and magenta lines) and due to drag and tides combined
(solid blue and red lines), as well as the radius of the star (dashed black lines). Overall, the planet will have fully merged with
the MS star after about 30 to 120 years, and after about 200 to 800 years with the AGB star. The exact time, in all cases,
depends strongly on the viscous timescale tv assumed for the star, as tidal effects dominate while the planets are in the outer
layers of the stellar envelope. Here, we assumed tv = 1.5 years (Hansen 2010; Fabrycky et al. 2007). Indeed, while for MS stars
drag forces overtake tidal forces after the planets have migrated to about 90 % of the stellar radius, for AGB stars drag forces
only begin to dominate at about 50 % of the radius. In either case, once drag forces become dominant, the planets will “plunge”
into the stellar core on timescales comparable to the planets’ orbital periods.
the planet’s mass, as well as the angular momentum of
the planetary spin, are negligible. Note also that the
stellar Roche limit can be expressed as:
R∗,Roche = qR∗
(
M∗ +Mp
M∗
)1/3
∼ qR∗ , (16)
with q being a numerical factor assumed here to be
about 2.7. The new spin rate Ω∗,env,new is the observ-
able factor, which now becomes:
Ω∗,env,new = Ω∗,env + 12.5×Mp
√
qGM∗ (1 + e)
M2∗,envR3∗
hˆ .
(17)
Using Equation 17, we can now calculate the changes
on a red giant star’s spin in a variety of scenarios. We
use the stellar evolution code SSE (Hurley et al. 2000)
to evolve stars of masses between 1 and 8 M from the
beginning of the main-sequence to their widest possi-
ble stellar radius during the Asymptotic Giant Branch
(AGB) phase. SSE gives information about the stars’
radii, masses, core masses, temperatures, and spin rates
during all evolutionary phases. We then calculate the
changes in spin rates and periods upon consumption of
planets with varying masses, orbital eccentricities, and
spin-orbit angles. The full ranges of tested parameters
are shown in Table 1. We compare the changes in spin
periods due to consumption during different stellar evo-
lutionary phases, including the Main-Sequence (MS),
the first Giant Branch (GB), the Core Helium Burning
Phase (HeB), and the 1st and 2nd AGB phases. We note
here that generally the stellar radius of a star during the
HeB phase is smaller than during the GB phase, how-
ever giant planets can still plunge into their host stars
during that phase due to effects such as the Eccentric
Kozai-Lidov (EKL) mechanism, in which a companion
star can induce high orbital eccentricity on a planet due
to gravitational perturbations (e.g., Naoz et al. 2011,
2012, 2013b; Naoz 2016; Stephan et al. 2018). In
Figure 4 we show the effects of stellar consumption of
prograde-orbiting gas giant planets by stars of different
masses and evolutionary phases on the stars’ spin pe-
Eating Planets 7
Table 1. Parameters
Parameters Values
M∗ [M] 1, 1.25, 1.5, 1.75, 2, 3, 4, 8
Mp [MJupiter] 1, 5, 10
spin-orbit angle [rad] 0, pi/2, pi
e1 0, 0.5, 0.999
Note—Listed are the relevant Parameters for Equa-
tion 17 to determine the new stellar spin rate after
consumption of a planet.
riods. In Figure 5 we show the same for a retrograde
orbit.
2.4. Critical Spin Rates and Stellar Break-up
When calculating the new stellar spins we also need
to compare it with the rotational break-up speed of the
stars, i.e. the rotation rate at which material on the sur-
face of a given star would be launched into orbit, leaving
that surface. The simplest definition of this break-up
spin period can be written as:
P∗,break−up = 2pi
√
R∗3
GM∗
. (18)
At this spin period a particle on the stellar surface would
remain in circular orbit around the star, ignoring po-
tential additional forces such as radiation pressure or
similar effects. If the star spins with a smaller period,
material from the stellar surface will be launched into
orbit. If the spin period is shorter by a factor of
√
2,
material launched from the surface will have escape ve-
locity and leave the star completely. At spin periods
between Pbreak−up and Pbreak−up/
√
2, material would
be launched onto eccentric orbits, effectively leading to
the formation of an extreme equatorial bulge and po-
tentially a gaseous disk around the star. As this takes
place the spin periods calculated here would obviously
need to be adjusted as the shape of the star changes and
potentially loses surface material. We note here that
calculated spin speeds beyond the break-up speeds are
therefore only an indicator for the formation of oblate
stars or circumstellar gaseous disks, not for the actual
final observable spins.
As Figures 4 and 5 show, for a wide variety of stellar
and planetary masses the addition of the planetary or-
bital angular momentum would lead to stellar spins ex-
ceeding the spin frequencies required for stellar surface
material to be ejected, in particular for more evolved
stars past the First Giant Branch, but also some lesser
evolved stars. It therefore seems reasonable to assume
that such object might already have been observed by
previous surveys. Indicators, for example, would be the
presence of infrared-excess radiation from debris disks
or ejected stellar gas, together with fast stellar spins.
Indeed, some observed systems (e.g., Melis et al. 2009)
seem to be good candidates for this process.
2.5. Stellar Chemical Enrichment
The consumption of a planet by a star would also en-
rich the stellar gas with planetary material. However, at
least for gas giants planets, the bulk composition of the
planet and the star can be assumed to be very similar,
as they are formed from the same protostellar gas and
dust disk. Still, there are two main cases where the con-
sumption could produce detectable chemical alterations,
lithium enrichment and white dwarf pollution.
Lithium is easily destroyed in stellar nuclear fusion
processes through adding a proton to 7Li, producing
two alpha particles. As such, lithium is heavily de-
pleted in fully convective low-mass stars, where mate-
rial is continuously mixed back into the core fusion zone,
and moderately depleted in more massive stars, where
lithium is mostly burned during the pre-main sequence
phase but can survive in the stellar atmosphere (e.g.,
The´venin et al. 2017). However, many observations have
shown that a small number of stars, in particular red gi-
ants, show abnormally high lithium abundances, with
ideas about the cause including dredge-up, new lithium
production, or pollution from interstellar gas, brown
dwarfs, or planets (e.g., Alexander 1967; Brown et al.
1989; Montalba´n & Rebolo 2002; Aguilera-Go´mez et al.
2016; Bharat Kumar et al. 2018; Yan et al. 2018). Ad-
ditionally, it has also been suggested that a stellar enve-
lope’s metallicity could also be enhanced by absorbing a
super-earth (Church et al. 2019). Naturally, the plane-
tary consumption processes described in this work would
enhance stellar lithium or metal abundances as well.
Elements heavier than hydrogen and helium are ex-
pected to sink to the cores of white dwarfs, however
about a quarter to a third of all white dwarfs still show
such heavy elements in their atmospheric spectra (e.g.,
Zuckerman et al. 2003, 2010; Koester et al. 2014). In
general it is thought that white dwarfs are being pol-
luted by planetary bodies, usually rocky in composition
(e.g., Debes & Sigurdsson 2002; Jura 2003; Jura et al.
2009; Zuckerman et al. 2011; Vanderburg et al. 2015; Xu
et al. 2016; Veras et al. 2017a,b), though some icy bod-
ies containing volatile compounds have also been shown
to contribute (Xu et al. 2017; Stephan et al. 2017). Fur-
thermore, even gas giants could theoretically be brought
onto extremely eccentric orbits, getting close enough to
the white dwarfs for tidal disruption and eventual pollu-
tion (Stephan et al. 2017, 2018). The material brought
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Figure 4. Consumption of prograde-orbiting Planets. Shown are the spin periods (upper panels) and fractional changes
of the spin periods (lower panels) due to the consumption of prograde-orbiting planets of various masses and various eccentricities
for a variety of stellar masses and evolutionary phases. The shown evolutionary phases are main-sequence (red), first giant branch
(yellow), core helium burning (green), first asymptotic giant branch (cyan), second asymptotic giant branch (blue), and white
dwarfs (brown). The empty black downwards triangles show the initial stellar spin periods before consumption, calculated with
SSE or based on observations in the case of white dwarfs (Kawaler 2003). The tested planetary masses were 1 MJup (upwards
triangles), 5 MJup (squares), and 10 MJup (diamonds). For each planetary mass, three orbital eccentricities were tested, shown
by groups of three identical symbols; from left to right, the eccentricities were 0, 0.5, and 0.999. The black lines mark the
minimum spin periods possible before a star would begin to either lose surface material or be significantly inflated around its
equator due to centrifugal forces. The filled-in black downwards triangles show spin periods below which surface material would
reach escape speeds, being completely lost from the star. These effects are generally more relevant, as shown, for relatively
massive planets being consumed by relatively low-mass stars, and for more evolved stars.
onto a white dwarf from such a massive pollution source
could majorly alter the composition of the white dwarf;
many white dwarfs are so called helium white dwarfs,
with little to no hydrogen left in their atmosphere. A
gas giant planet with a mass in the range or 1 to 10
MJup, roughly 0.001 to 0.01 M, could cover the white
dwarf with a hydrogen atmosphere.
3. DISCUSSION
We have studied the variety of consequences due
to planetary consumption throughout a star’s lifetime.
Planetary consumption is expected to be a common out-
come of dynamically hot systems (e.g., Rasio & Ford
1996; Nagasawa et al. 2008; Chatterjee et al. 2008; Ve-
ras & Ford 2010; Naoz et al. 2012; Valsecchi et al. 2014;
Petrovich 2015; Petrovich & Mun˜oz 2017; Stephan et al.
2017, 2018; Denham et al. 2019).
Considering a wide range of stellar masses (1-8 M)
and a wide range of planetary masses (1 M⊕-10 MJ), we
examined the effects of planet consumption on a host
star. We note here that these calculations are agnos-
tic to the process leading to Roche-limit crossing. The
initial stage of star-planet interaction, where the planet
interacts with the surface of the star, can have large ob-
servable effects. It may lead to ejections of material,
either resulting in winds and planetary nebulae (e.g.,
Livio & Soker 2002), or even violent, periodic ejections
(as was shown for the case of V Hydrae ejections Salas
et al. 2019). The ejection of stellar material due to graz-
ing interactions depends on the star’s and planet’s mass
and size, as well as the orbital eccentricity. We quanti-
fied the phase space, considering ballistics ejections2, at
2 Note that there are variety of processes that may lead to
ejections (e.g., Goodson & Winglee 1999; Fendt 2003). Here we
adopted the simplest one, which makes no assumptions on mag-
netic fields or accretion disks.
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Figure 5. Consumption of retrograde-orbiting Planets. This figure is similar to Figure 4, however here the planets
orbited the stars in retrograde orbits relative to the pre-consumption stellar spin orientation. As a result, it is possible to not
just increase a star’s spin velocity due to the planets’ consumption, but also to instead slow them down. This is shown by the
filled-in symbols in the upper and lower panels and appears to be most relevant for massive pre-AGB stars. In all other cases
the angular momentum added by the planets overcomes the stars’ own angular momentum, resulting in still faster rotation,
however in that case the spin direction is reversed relative to the initial spin.
which ejection of material is expected at any given point
of a star’s lifetime (see Figure 1). In particular, we find
that Jupiter mass planets (or higher masses) are efficient
in ejecting material over most of the stellar lifetime and
for most stellar masses, even for circular orbits. Smaller
planets on eccentric orbits can also lead to material ejec-
tion rather efficiently. Because the escape velocity from
the surface of a star on its 2nd AGB phase is relatively
low (a few tens of km/sec), even small, Earth-like plan-
ets are sufficient to cause ejections, albeit small ones.
As a planet migrates further into a star’s atmosphere
it begins to experience gas drag and creates a hot shock
as it loses orbital energy. This shock can produce ob-
servable UV radiation. For main-sequence stars (blue
lines in Figure 2) the shock’s black-body emission inten-
sity can be comparable to the star’s radiation (as was
shown first in Metzger et al. 2012). However, the large
amount of energy released can drive a wind, obstructing
direct observation of the UV emission and converting it
into cooler thermal radiation. During the AGB phase
the planet’s shock radiation is much less intense than
the stellar emission. Thus, while it has less power, it
may add a small far-UV component to a predominantly
visual emission (see red lines in Figure 2). We esti-
mated the timescales over which the consumption takes
place and over which the additional UV signals might
be observable. The migration of a planet just inside the
surface of a star will mostly be dominated by tides (as
shown in Figure 3) until drag becomes dominant and
“plunges” the planet into the stellar core. To reach this
phase it takes on the order of a few decades for main-
sequence stars and on the order of a few centuries for
red giant stars, over which UV signals and shock effects
should be visible.
Once the planet is finally consumed by the star we
estimated the resulting stellar spin periods from angu-
lar momentum conservation3. We found that main-
sequence stars, post consumption, should be rapidly
spinning (consistent with Qureshi et al. 2018) and that
the consumption can significantly alter the star’s axis
of rotation (consistent with Matsakos & Ko¨nigl 2015).
Red giant stars, post consumption, can often reach spin
speeds at or beyond break-up speeds, indicating that
3 Note that angular momentum may not be strictly conserved
due to mass losses and winds. The consequences of these processes
are beyond the scope of this paper.
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these stars would undergo mass-loss from their surface
or are strongly tidally distorted into a flattened shape or
will become enshrouded by ejected gas. This can also ap-
ply to smaller mass stars consuming massive planets or
brown dwarfs. Finally, we also showed that white dwarfs
can also be significantly spun up, if the angular momen-
tum of a planet can be efficiently transferred to the star.
This feature may explain some observed white dwarfs
with very short spin periods, such as SDSSJ0837+1856
(e.g., Hermes et al. 2017a,b).
Already, observations of short-period planets show
that some may have decaying orbits that will eventually
let them be consumed by their host star. For example,
WASP-12b is a Jupiter size planet that is on a decaying
orbit around a 1.35 M star (e.g., Li et al. 2010; Patra
et al. 2017). Based on our calculations (e.g., Figures
4 and 5) we predict that the spin period of WASP-12,
upon consumption of this planet, may decrease by a
factor of two (prograde orbit), or would be completely
flipped (retrograde orbit). Additional planets that are
estimated to be on decaying orbits have also been ob-
served (e.g., Gaudi et al. 2017; Johnson et al. 2018;
Labadie-Bartz et al. 2019; Johns et al. 2019; Rodriguez
et al. 2019).
While the observation of an active cosumption event
might be challenging for a main-sequence star, given the
short timescale of a few decades per consumption event,
for a red giant star the timescales are relatively favor-
able, as consumption events would last for centuries or
even millenia. Given lifetimes of a few hundred thousend
to a few million years for the AGB phase, the chance
to observe an engulfment (assuming that every AGB
star engulfs a planet) would be on the order of a few
tenths to about 1 %. Beyond direct observations, the
pre- and post-consumption signatures described in this
work may provide several avenues to indirectly infer the
existence of a planet around a given star. Future HST
and JWST observations may detect some of the signa-
tures described here (similar to the gas ejections from V
Hydrae described by Sahai et al. 2016).
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